Immunodeficient mice engrafted with functional human cells and tissues, i.e., "humanized mice", have become increasingly important as small pre-clinical animal models for the study of human diseases. Since the description of immunodeficient mice bearing mutations in the IL2 receptor common gamma chain (IL2rg null ) in the early 2000's, investigators have been able to engraft murine recipients with human hematopoietic stem cells that develop into functional human immune systems. These mice can also be engrafted with human tissues such as islets, liver, skin, and most solid and hematologic cancers. Humanized mice are permitting significant progress in studies of human infectious disease, cancer, regenerative medicine, graft versus host disease, allergies, and immunity. Ultimately, use of humanized mice may lead to the implementation of truly "personalized" medicine in the clinic. This review discusses recent progress in the development and use of humanized mice, and highlights their utility for the study of human diseases.
INTRODUCTION
Animal models are used as surrogates of human biology due to the logistical and ethical restrictions of working with cell and tissue samples from human donors. Small animals such as mice and rats are widely used mammalian model systems due to their small size, ease of maintenance and handling, a short reproductive cycle, sharing of genomic and physiological properties with humans and ability to be readily manipulated genetically. Despite the vast amount of basic biology obtained from mouse studies, there are limitations to mouse models when investigating human biology. Several components of mouse biological systems are incongruent with those of humans, particularly their immune system (1) . For example, there are many differences in innate immune molecules, including the lack of a functional TLR10 in mice and the expression of TLR11, TLR12, and TLR13 in mice that are not present in the human genome (1) . Furthermore, many drugs and human pathogens are species-specific. The nature and pathogenesis of immune responses mounted against pathogens that can infect only human cells may markedly differ from that of murine infectious agents or human infectious agents that have been murine-adapted (2) (3) (4) (5) (6) . These issues underscore the need for better small animal models that can more faithfully recapitulate human biological systems.
Humanized mice have begun to fill this gap and have become important pre-clinical tools for biomedical research. This is due to the continuous improvement of immunodeficient recipients used to generate humanized mice over the last 25 years [reviewed in (3) (4) (5) (6) ]. The key breakthrough was the development of immunodeficient mice bearing mutations in the IL2 receptor common gamma chain (IL2rg null ) in the early 2000's. The common gamma chain constitutes an important component of receptors for IL2, IL4, IL7, IL9, IL15 and IL21 and is indispensable for high-affinity binding and signaling of these cytokines. When combined with either the protein kinase DNA activated catalytic polypeptide mutation (Prkdc scid or scid) or with recombination activating gene (Rag) 1 or 2 (Rag1 null or Rag2 null ) mutations, these mice lack adaptive immunity and exhibit severe deficiencies of innate immunity, including absence of murine NK cells.
Three strains of immunodeficient IL2rg null mice are widely used today: NOD.Cg-Prkdc scid Il2rg tm1Wjl (NSG), NODShi.Cg-Prkdc scid Il2rg tm1Sug (NOG), and C;129S4-Rag2 tm1Flv Il2rg tm1Flv (commonly referred to as BALB/c-Rag2 null IL2rg null mice or BRG) mice [reviewed in (3) (4) (5) (6) ]. NOG mice have a truncated cytoplasmic domain of the gamma chain that binds cytokines but lacks the signaling domain while NSG and BRG mice completely lack the gamma chain. When engrafted with human cells, tissues and immune systems, the biological responses in humanized mice more faithfully recapitulate that seen in humans than in any previous models of humanized mice (3) (4) (5) (6) . A recent NIH workshop focusing on HIV research has highlighted many of the new emerging models of immunodeficient IL2rg null mice that are being created to address some of the remaining limitations that are present in the basic models (7) .
There are three general approaches of engrafting human immune systems into immunodeficient IL2rg null mice (Figure 1 ). The first model, known as Hu-PBL-SCID, is created by injection of human peripheral blood leukocytes. This model results in rapid engraftment of human CD3+ T cells by the end of the first week. This model is excellent for studying human T cell function in vivo, but only has a short experimental window due to the development of lethal xenogeneic graft-versus-host disease (GVHD), usually within 4-8 weeks. However, this experimental window can be extended using NSG recipients lacking murine MHC class I or class II (8) . The second model, known as Hu-SRC-SCID, encompasses the intravenous (IV) or intrafemoral injection of human SCID repopulating cells, i.e., human CD34+ HSCs derived from bone marrow (BM), umbilical cord blood (UBC), fetal liver or G-CSF-mobilized peripheral blood. This model supports engraftment of a complete human immune system. Although B cells, T cells, myeloid cells and antigenpresenting cells (APCs) are present in the peripheral hematopoietic tissues, granulocytes, platelets and red blood cells that are generated in the bone marrow are observed at only very low levels in the blood. In addition, the human T cells are educated in the mouse thymus and are thus H2, not HLA-restricted (9) . Furthermore, the murine thymus appears to lack some human-specific factors necessary to fully mimic all aspects of human T cell development (10) .
The third model is the bone marrow/liver/thymus "BLT" model that is established by transplantation of human fetal liver and thymus under the kidney capsule and IV injection of autologous fetal liver HSCs (11, 12) . As in the Hu-SRC-SCID model, all lineages of human hematopoietic cells develop. However, BLT mice also develop a robust mucosal human immune system and the human T cells are educated in an autologous human thymus and are HLA-restricted. One of the main caveats of the BLT model is that, in most laboratories, the mice develop a wasting GVHD-like syndrome that limits the time window for experimentation (3) (4) (5) . Each model has its advantages and limitations and therefore it is important for researchers to select a model appropriate for their specific biological questions.
While immunodeficient IL2rg null mice are much improved in their ability to support the engraftment of human cells, tissues, and immune systems over that of previous models, continuous efforts to improve the models as well as create new models of human disease are underway in many laboratories worldwide. These modifications have been recently reviewed (3) (4) (5) 7) . These improved humanized mouse models are now being used to study many human biological responses and diseases and are increasingly employed as preclinical tools for evaluation of drugs and for identifying underlying mechanisms in a broad array of diseases. In particular humanized mice are playing an increasing role in the study of humanspecific infectious agents such as HIV and are widely used as pre-clinical models in cancer biology. Moreover, humanized mice are being increasingly utilized as translational models in many additional areas of biomedical research including regenerative medicine, transplantation, and immunity.
INFECTIOUS DISEASE IN HUMANIZED MICE
Humanized mice provide an opportunity to study species-specific agents that require human tissues for infection and replication and permit study of the developing human immune response. Engraftment of human immune cells into immunodeficient mice allows for the productive infection by many human-specific pathogens, but differences between mouse strains and engraftment methods make the choice of the optimal animal model dependent on the question being asked. Discussed below are some of the infectious pathogens that have been studied using humanized mice. Additional novel models of human infectious agents with more limited reports are outlined in Table 1. vivo and have been used to study HIV infection, disease progression, latency and virology [for review, see (13) ]. Although some laboratories use the Hu-SRC-SCID model to study HIV, most laboratories use the BLT model due to the higher level of engraftment of the human mucosal system permitting vaginal and rectal transmission of HIV to be studied (13) (14) (15) (16) (17) . These models have supported testing of numerous prophylactic drugs, anti-HIV antibodies, and cellular therapies for prevention of HIV replication and HIV clearance.
HIV Virology-HIV expresses nine proteins, five of which are essential for productive infection in culture; however, it was not until the utilization of humanized mouse models that the role for an additional four accessory proteins was determined (18) . Viral infectivity factor (vif) was found to be essential for HIV replication in vivo. Viral protein u (vpu) promotes viral replication in vivo. HSC-engrafted NOG mice infected with vpu-deficient virus had reduced levels of viral replication with lower levels of free virus suggesting a role for vpu in virion release. In vivo negative factor (nef) was found to promote viral replication and pathogenicity. Patients infected with nef-deficient HIV-1 fail to develop AIDS. In NSG-BLT or NOD-scid BLT mice, nef-deficient virus led to slower viral kinetics and a reduced loss of CD4 T cells and thymocytes (18) .
HIV immunology-Hu-PBL-SCID mice led to early understanding of HIV infection, replication and pathogenesis in vivo, while HSC-engrafted and BLT models recapitulated human disease. HSC-engrafted immunodeficient mice can be infected with either CCR5 or CXCX4-tropic HIV strains as indicated by serum viremia for prolonged periods (over a year) (14, 19) . The BLT model has been useful in the study of HIV mutations resulting in escape from CD8 T cell responses (20) . Humanized mouse models establish latent HIV reservoirs (20) (21) (22) and show CNS infection and neuropathology (23) . In NOD-scid BLT mice, HIV-infected T cells were found to form syncytia blocking the migration of infected T cells out of the lymph node suggesting cell to cell transmission (26) . This was confirmed directly using NSG-BLT mice to demonstrate that trans-infection contributes to retroviral spread in vivo, providing new mechanistic means that permits retrovirus to spread among cells and should lead to new approaches for blocking virus spreading (24) . This novel infection mechanism is particularly important in interpreting the recent clinical trial that showed anti-retroviral therapy (ART) can reduce the transmission of HIV from infected females to their partners (25) . The hypothesis that this was due to suppression of HIV in the cervicovaginal secretions was tested and validated in ART-suppressed HIV-infected NSG-BLT mice (26) .
Therapeutic Interventions for HIV-HIV-infected humanized mice have been used to examine the impact of anti-retroviral therapy (ART), shRNA therapy, and immunotherapies such as immune modulation and T cell receptor (TCR) transduction. ART inhibits viral replication in HSC-engrafted, SCID-Hu and BLT humanized mouse models (14, 20, 22) . However, after treatment and subsequent reduction of viral load, latently infected CD4 T cells are still detectable (14, 20) indicating ART did not fully eliminate the HIV reservoir.
In an effort to recapitulate the "Berlin patient" who was cured of HIV by a bone marrow transplant from a CCR5 deficient donor, several studies have targeted CCR5 expression in HSC prior to engraftment in mice. Holt et al. demonstrated a significant decrease in HIV copy numbers in vivo in NSG mice engrafted with human HSC in which CCR5 was knocked down. Targeting of CCR5 in HSC using zinc finger nuclease technology resulted in reduced loss of CD4 T cells and lowering of viral load (27) . Myburgh et al used lentivirus technology to transduce human HSCs with a microRNA that down-regulated CCR5 and transplanted the transduced HSCs into NSG mice. These mice displayed a resistance to infection with a CCR5-tropic HIV strain as demonstrated by the persistence of human CD4+ T cells and decreased viral load (28) . However, HIV rebounded in one mouse, presumably as a result of the emergence of a CXCR4-tropic strain. This recapitulated the clinical findings in a HIV+ patient that was transplanted with CCR5-null HSC but subsequently developed an active infection with a CXCR4 tropic variant that required re-initiation of ART therapy (29) .
Additional approaches have been used to genetically modify human HSCs to prevent HIV infection in humanized mice. A dual-combination HIV lentivirus vector constructed to downregulate CCR5 was also found to be active against CXCR4-tropic viruses. This vector was used to transduce human HSCs used to establish NSG-BLT mice, and the subsequent ex vivo infection of splenocytes from these mice demonstrated resistance to infection with both CCR5− and CXCR4-tropic viruses. Furthermore, the NSG-BLT mice challenged with R5tropic HIV-1 displayed significant protection of CD4 T cells and reduced viral loads (30) .
HSCs have also been transduced with HIV-specific CD8 TCRs. Compared to control NSG-BLT mice, there was a reduction in HIV replication and improved survival of CD4 T cells and an expansion of SL9-specific effector CD8 T cells following engraftment with transduced HSCs (34) . HSCs transduced to express anti-HIV polymeric IgA protected BLT mice against CD4 depletion after a vaginal HIV challenge (31) . Using immunomodulatory therapy, treatment with an anti-PD-1 antibody led to CD8 T cell activation, a decrease in HIV plasma loads, and an increase in the T cells of HSC-engrafted (32) and BLT mice (33) . Broadly neutralizing antibodies have also been shown to prevent HIV transmission in HSCengrafted mice (34) . Use of AAV to deliver antibodies to NSG-BLT mice protected against HIV infection when the virus was delivered intravenously or intravaginally (35) . Clearly, these preclinical studies in HIV using humanized mice are providing a rapid pre-clinical platform for testing new drugs prior to entering clinical trials.
Dengue Virus
Dengue (DENV) is a flavivirus that is transmitted through mosquitoes and can induce lifethreatening dengue hemorrhagic fever or dengue shock syndrome. There are currently no effective vaccines available and the lack of an appropriate mouse model for DENV infection has limited research. Both HSC-engrafted and BLT models of humanized mice support DENV infection with virus detectable in spleen, bone marrow and liver and the development of human disease-like symptoms, such as fever (36) (37) (38) (39) (40) (41) . Hu-SRC-SCID HLA-A2 transgenic NSG mice produced multiple A2-restricted DENV-2-specific responses (39) . Similar to the Hu-SRC-SCID model in NSG mice, NSG-BLT mice developed both IgM anti-DENV antibodies and IFNγ-producing T cell responses (37, 38) .
Of emerging interest is the possible use of humanized mice to study Zika virus (ZIKV). ZIKV is a flavivirus and is a close relative to DENV. Establishment of a humanized mouse model for DENV is ongoing, and it is likely that similar models can be applied for the study of ZIKV as research into this virus is being accelerated due to the WHO declaration of a worldwide response plan for dealing with the emerging ZIKV outbreak (42) .
Epstein Barr Virus (EBV)
Epstein-Barr virus (EBV) infects 90% of humans worldwide and has an exclusive tropism for humans. The majority of infections are asymptomatic, however, infection can also result in a variety of diseases such as lymphoproliferative disorders (LPD), cancer (Burkitt's lymphoma, Hodgkin lymphoma, nasopharngeal carcinoma and gastric carcinoma) and autoimmune diseases (rheumatoid arthritis and multiple sclerosis) (43) . EBV infects human epithelial cells and B cells making the use of humanized mouse models essential for in vivo studies with this virus. EBV can transform infected cells, which in healthy individuals are attacked by CD8 T cells. If these transformed cells are not killed, LPD and cancer can develop. EBV-induced LPD and tumors develop in both the Hu-PBL-SCID and Hu-SRC-SCID models (44, 45) .
In patients, EBV infection causes an expansion of T cells and inverts the CD4:CD8 T cell ratio (43) . Depletion of CD8 T cells leads to increased viral titers and mortality suggesting CD8 T cell-mediated control of EBV viral load. Humanized mice have been reported to develop EBV-antigen specific T cell responses. Both HSC-engrafted and BLT mice developed HLA class I-dependent CD8 T cell responses (11, 46) and HLA-A2 transgenic HSC-engrafted mice developed an HLA-A2-restricted EBV epitope-specific responses (47) .
In addition to T cell responses, NK cell responses have also been found to play a role in controlling EBV-infection. Depletion of NK cells using antibody treatment of HSCengrafted mice was associated with higher viral loads and augmented symptomatic lytic infection (48) .
Influenza
Hu-SRC NOD-scid β2m null mice engrafted with autologous T cells isolated from the donors of mobilized HSCs have been used to study the infection and immune response produced against the live-attenuated trivalent influenza vaccine (LAIV) (49) . Infection caused an expansion of Flu-M1-specific CD8 T cells and clearly documented the importance of the myeloid compartment and human DC in the immune response. Macrophages are also important in early viral responses. In the BRG model, injection of human IL-3 and GM-CSF increased myeloid engraftment within the lung and led to increased innate responses to virus infection (50) . Treatment of NSG Hu-SRC-SCID mice with M-CSF led to decreased viral transcript levels early after infection and was associated with a burst of inflammatory cytokines, such as IL-6 and TNF at 48 hours post infection (51) .
Typhoid Fever/Salmonella
Salmonella enterica serovar Typhi is the causative agent for typhoid fever and is human specific. The majority of NSG Hu-SRC-SCID mice infected with S typhi succumbed to infection within 72 hours and displayed enhanced bacterial burden in liver over nonengrafted controls (53) . While, BRG mice engrafted with HSCs showed increased bacterial loads in spleen and liver compared with non-engrafted controls, neither of these models recapitulated the mortality observed in HSC-engrafted NSG mice (54, 55) .
Mycobacterium (tuberculosis)
Mycobacterium tuberculosis is the causative agent for tuberculosis, which predominantly attacks the lungs with hallmark granuloma development. Unfortunately, mouse models of tuberculosis usually fail to form granulomas, but HSC-engrafted NSG mice formed granuloma-like structures after infection with M. bovis (Bacillus Calmette-Guerin, BCG).
Granuloma formation was CD4 T cell-dependent (56) and treatment with GM-CSF demonstrated increased macrophage differentiation and better control of BCG infection (51) providing a model to study the impact of macrophages in tuberculosis. NSG-BLT mice develop a progressive mycobacterial infection that disseminates from the lungs to the spleen after intranasal infection (57) . HLA-A2 transgenic NSG-BLT mice infected with BCG exhibited lung lesions that contained macrophages as well as CD4 and CD8 T cells, but did not resemble true human granulomas (58) .
Ebola Virus and Hantavirus
The recent Ebola virus outbreak highlighted the need to rapidly and efficiently test new therapeutics for this virus. However, the only initial animal model available was the nonhuman primate, which is limited by ethical considerations, cost and size. Recently there have been two reports of humanized mouse models of Ebola infection that recapitulated the disease observed in humans. In NSG-HLA-A2 Tg mice engrafted with HLA-A2 HSCs infected with wild-type Ebola virus, 100% of the mice with high engraftment of human cells died within 20 days exhibiting features associated with viremia, cell damage, liver steatosis, and hemorrhage (59) . In NSG-BLT mice, infection with two different wild-type strains of Ebola virus led to histological changes in the liver and upregulation of cytokines and chemokines, symptoms consistent with Ebola hemorrhagic fever (60) . These models are being used in Ebola research to identify the pathogenesis of the infection and to test new drugs designed to prevent disease. This also serves as an example of the potential of humanized mice to be used for the study of new emerging human-specific pathogens such as is occurring in the recent outbreak of Zika virus or other as yet unidentified emerging infectious agents.
Hantavirus infection can cause hemorrhagic fever with renal syndrome in humans. To create a humanized mouse model for the study of Hantavirus, NSG-HLA-A2 mice were engrafted with HLA-A2 matched cord blood HSCs (61) . Infected mice experienced weight loss, pulmonary inflammation, and ~75% loss of human platelets (but no loss of mouse platelets), providing another humanized mouse model for the study of BSL4 level infectious agents.
Malaria
Natural Plasmodium infection involves both a hepatic phase and an erythrocytic (RBC) phase. Human liver chimeric mice can be utilized to study the liver phase and human blood chimeric mice can be used to study the blood phase (62, 63) . HSC-engrafted mice have few circulating human RBC due to mouse macrophage-mediated phagocytosis making infection of P. falciparum limited unless daily RBC injections are administered (64) . Complete P. falciparum replication has been possible using human liver chimeric Fah null Rag2 null IL2rg null (FRG) NOD and thymidine kinase (TK) NOG mice engrafted with human hepatocytes and infused with human RBCs (65, 66) . Humanized mice are now being used to study P. falciparum genetic traits and phenotypes associated with severity of disease (67) and for testing the efficacy of new therapeutics that block entry of the virus into hepatocytes (68) .
Sepsis
Sepsis is a whole body inflammatory condition that can induce death through cytokine storm and apoptosis of lymphocytes (69, 70) . Cecal ligation and puncture (CLP) in HSC-engrafted NSG mice led to increased inflammatory cytokines and lymphocyte apoptosis (70) . In addition, decreased cellularity in the bone marrow and lower numbers of human HSCs were observed following CLP-induced sepsis or LPS administration (71) . Using NSG-BLT mice, it was shown that silencing high-mobility group protein 1 (HMGB1) decreased cytokine production and cellular apoptosis leading to increased survival (72).
HUMAN-MURINE LIVER CHIMERIC MOUSE MODELS FOR INFECTIOUS DISEASE
To study hepatotropic pathogens, human liver chimeras have been developed [ Figure 2 and reviewed in (73, 74) ]. In all models, the common theme is destruction of murine hepatocytes to permit space for engraftment of human hepatocytes. For example, a commonly used model is the targeting of fumaryl acetoacetate hydrolase (FAH). The benefit to this model is that mice can be treated with 2-(2-nitro-4-fluorome thylbenzoyl)-1,3-cyclohexanedione (NTBC) in the drinking water to prevent hepatocyte death. Alternatively, mice that express the herpes simplex virus type 1 thymindine kinase (TK) transgene can be treated with gancyclovir to induce hepatocyte injury. Rag2 null IL2rg null mice that express active caspase 8 fused with FK506 binding domain can be treated with FK506 to selectively kill mouse hepatocytes. A recent report suggests that NSG mice transgenically expressing a mutant allele of SERPINA1* (NSG-PiZ) crippled murine hepatocytes enabling human hepatocyte engraftment and in vivo targeting of the human hepatocytes by rAAV8 (75) .
Hepatitis C Virus
Hepatitis C virus (HCV) initiates a chronic infection and progressive hepatic cirrhosis leading to hepatocellular carcinoma. To study HCV, SCID/Alb-uPA (76) and Fah null Rag2 null IL2rg null mice (77) have been used. Both models support HCV viral replication. More recent studies used the BRG strain expressing the FKBP-capase 8 fusion gene under the control of the albumin promoter (AFC8). Dimerization of the active Caspase 8 by AP20187 permits engraftment of human hepatocytes in combination with human HSCs. These mice could be productively infected with HCV, which led to human virusspecific T cell responses to HCV and hepatic fibrosis (78) . However, HCV replication was observed in only ~50% of the mice highlighting the need for continual improvement of models to study HCV disease pathogenesis and immunity.
HCV entry into a cell is mediated by the tight junction protein claudin-1 and antibody blocking of this receptor inhibited viral replication and reduced the number of infected hepatocytes in human liver chimeric uPA-SCID mice (79) . Blocking the co-receptor scavenger receptor class B type I also blocked HCV replication (80) even when the antibody was administered after HCV infection. Additionally, combination therapy of multiple HCVspecific broadly neutralizing antibodies by administration of AAV vectors expressing the antibodies reduced HCV replication and viral load in NRG-Fah null mice engrafted with human hepatocytes (81) . Furthermore, HCV-infected human liver engrafted SCID/beige mice expressing the urokinase plasminogen activator (uPA) gene under control of the major urinary protein (MUP) promoter (MUP-uPA/SCID/beige) mice provide unique opportunities for the study of tumorogenesis induced by HCV as about 25% of infected mice develop primary liver cancer (82) .
Hepatitis B virus
Hepatitis B virus can cause cirrhosis and hepatocellular carcinoma. HBV is a noncytolytic virus and disease is immune mediated. Human liver chimeric uPA/SCID mice can become persistently infected with HBV and treatment with entecavir reduced HBV replication (83) . This model may be useful in testing other therapeutic treatments for HBV. Alternatively, 75% of HLA-A2 transgenic NSG mice treated with anti-murine Fas antibody and transplanted with human liver and HSC developed persistent HBV infection out to 4 months with the development of liver fibrosis. Liver disease was associated with infiltration of M2macrophages (84) providing a model to study the role of macrophages in liver disease progression during HBV infection.
Hepatitis D and E virus
Hepatitis D virus (HDV) is a defective virus that requires envelope proteins from hepatitis B virus to create infectious particles. Humanized liver chimeric SCID/beige mice expressing uPA driven by the albumin promoter were co-infected with HBV/HDV and viral replication for both viruses in the liver was detected at 3 weeks post infection and sustained to the end of the experiment (16 weeks) (85) . Hepatitis E virus (HEV) is a major cause of acute hepatitis as well as chronic infection in immunocompromised individuals. A recent report indicated that human liver-engrafted UPA/SCID/Beige mice could be productively infected with HEV for up to 25 weeks, providing the first small animal model for the study of this virus (86) . 
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HUMAN-MURINE LIVER CHIMERIC MOUSE MODELS FOR THE STUDY OF LIVER DISEASES AND DRUG METABOLISM
Many drugs are metabolized in the liver, but the metabolism of mouse and human liver are significantly different, making it difficult to use these small animal models for the study of drug pharmokinetics (87) . A number of humanized mouse models have been developed that incorporate destruction of host hepatocytes followed by intrasplenic injection of human hepatocytes ( Figure 2 ). For example, a new model of immunodeficient mice transgenically expresses the human heparin-binding epidermal growth factor-like receptor (diphtheria toxin receptor, DTR) under the control of the albumin promoter (Alb-TRECK/SCID). When injected with diphtheria toxin, the murine hepatocytes are rapidly destroyed and can be repopulated with human hepatocytes. These human liver chimeric mice metabolized ketoprofen and debrisoquine with similar characteristics to that observed in humans (88) . Similarly, human liver chimeric TK-NOG mice have been used to study drug toxicity. Furosemide is toxic in mice, but can be used in humans due to species differences in its metabolism. The toxicity of Furosemide is reduced in the TK-NOG mice, similar to what is seen in humans (87) . Human liver chimeric TK-NOG mice have also been used to model cholestatic liver toxicity induced by bosentan, which is not seen in control mice (89 
TUMOR GROWTH AND CANCER IMMUNOLOGY IN HUMANIZED MICE
For more than half a century, xenografting patient-derived tumors into athymic nude mice and more recently into genetically modified, immunodeficient mice (4, 5) has been invaluable to researchers for improving treatments against many human cancers. Unfortunately, athymic mice retain murine B cells as well as an innate immune system, specifically NK cells that can hinder tumor growth and metastasis [reviewed in (90) ]. Immunodeficient IL2rg null mice lack NK cells and contain additional innate immune deficiencies that have enabled the successful engraftment of various human tumors including tumor cell lines and primary solid and hematological tumors (94) .
Patient derived xenografts (PDX) engrafted into immunodeficient IL2rg null mice initially maintain the original tumor heterogeneity and stroma (91, 92) . However, PDX tumors upon secondary transfer rapidly lose tumor stroma that is replaced by mouse stromal cells (93) . One of the contributors to non-autonomous heterogeneity in the tumor microenvironment is the presence of human tumor infiltrating immune cells (94) . To that end, immunodeficient IL2rg null mice allow the opportunity to study tumor-immune system interactions in vivo in mice engrafted with tumor cells and human immune system enabling researchers to interrogate how tumors interact with the immune system, mechanisms of tumor immune escape, and the mechanism and therapeutic potential of immune modulation (Figure 3 ). 
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Modeling human tumor-immune system interaction in humanized mice using tumor cell lines
In both PBL and HSC-engrafted mice human immune cells traffic and infiltrate the tumor microenvironment, similar to what is found in primary patient tumors, and provide a model to study tumor-immune system interactions.
In a Hu-SRC-SCID model of human breast cancer, neonatal NSG mice were concurrently injected with CD34+ HSCs and tumor cells (94, 95) . T cells and NK cells were able to infiltrate the tumor microenvironment and tumor-bearing organs had higher CD4:CD8 T cells ratios, with a majority of T cells expressing a CD45RA−CD27+ memory phenotype (95) . In the Hu-PBL-SCID model, even though a majority of T cells from both the spleen and the tumor had a memory phenotype (CD45RA−), splenic T cells included both central memory (CM) and effector memory (EM) cell populations, whereas a majority of TILs were EM. This differs with the TILs found in primary patient samples that are predominantly CM (96) .
To improve myeloid cell development in BRG mice, Rongvaux et al. generated knockin mice that express human SIRPα, M-CSF, IL-3, GM-CSF and TPO (MISTRG) to promote human innate cell development. MISTRG mice engrafted with human fetal liver HSCs and subcutaneously injected with the human melanoma cell line Me290 showed an M2 macrophage infiltration into the tumor microenvironment similar to that observed in primary tumors (97) . Tumor growth was increased in Hu-SRC-SCID MISTRG tumor-bearing mice when compared to Hu-SRC-SCID NSG tumor bearing mice suggesting macrophages/ myeloid cells promote tumor growth (97) .
NK cells and cytokine therapy
NK and NKT cells mediate tumor immune-surveillance and alterations in both number and function of NK and NKT cells have been associated with different tumor types (98) . Efforts to stimulate NK and NKT cell anti-tumor activities have focused on the use of cytokine therapies.
HSC-engrafted NSG mice were injected with a human neuroblastoma cell line and ex vivoexpanded human NKT cells. NKT cells were found within the tumor microenvironment where they co-localized with tumor-associated macrophages (TAMs). CCL20 secreted by TAMs, however, inhibited survival and function of the NKT cells allowing tumor growth. By transducing NKT cells with IL15 prior to transfer Lie et al. showed decreased tumor growth due to increased NKT cell survival and demonstrated a role for IL15 cytokine therapy (99) .
IL15 immune therapy was used to expand NK cell populations of Hu-SRC NSG mice transplanted with human breast cancer, leading to increased numbers of activated CD56+CD27− NK cells (95) . Low dose IL15 treatment was also found to increase the survival and expansion of human NK cells in vivo and resulted in significantly less leukemia cell line engraftment and increased survival (100) .
In addition to IL15, IL12 has also been investigated in humanized tumor-bearing mice as a method to stimulate the immune system to attack cancer cells. An antibody-IL12 fusion protein (NHS-IL12) that targets naked histones/DNA complexes found in necrotic tissue, such as tumors, was used in conjunction with IL7 (FcIL7) or antibody-complexed IL2 (IL2MAB602) in a Hu-SRC-SCID model of rhabdomyosarcoma (106) . Treatment with NHS-IL12/IL2MAB206 reduced tumor growth and increased survival as well as eliminating tumors in 3 out of 4 mice over a long-term treatment. NHS-IL12/IL2MAB206 increased tumor infiltrates of T cells, NK cells, and macrophages as well as altering the phenotypes of these infiltrates. (101) . Additionally, tumors in mice treated with NHS-IL12 featured a high percentage of senescent tumor cells and signs of myogenic differentiation that was more pronounced in mice treated with NHS-IL12/IL2MAB206.
Humanized Patient-Derived Xenograft (PDX) Tumor Models
While the previous section highlights the utility and potential of humanized mouse models for studying tumor and immune system interactions, the use of cell lines limits the applicability of these models. The next step forward is the generation of humanized patientderived xenograft (PDX) tumor models that combine the heterogeneity lost in tumor cells lines with the more complete tumor microenvironment afforded in primary engrafted PDX tumors.
One potential pitfall of generating humanized mice for PDX studies is the unavailability of large numbers of autologous HSCs to generate cohorts for study. Recently, a method of expanding HSCs isolated from cord blood or G-CSF mobilized PBL by transduction with tat-MYC and tat-Bcl2 fusion proteins allowed for the in vitro proliferation of HSCs (102) . NSG mice were engrafted with in vitro-expanded HSCs (called "XactMice") and
transplanted with autologous PDX samples from head and neck squamous cell carcinoma (HNSCC) patients. Tumors in XactMice were found to have human CD45+CD151+ cells and an increased density of lymphatic vessels suggesting immune cell and stromal cell components of the tumor microenvironment had been recreated in the mice.
T Cell Editing
One mechanism of targeting the immune system to improve anti-tumor immunity is to redirect T cell specificity through transgenic TCR or chimeric antigen receptor (CAR) engineered T cell therapy. CAR therapy is based on construction of a T cell receptor with specificity for an antigen independent of MHC restrictions, permitting the TCR to be redirected to any target of choice (103) . Although T cell redirection therapy is being used in the clinic, humanized mouse models are being employed to optimize the efficacy and safety of TCR/CAR manipulation as well as to broaden the scope of cancer treatment Adoptive cell therapy, the isolation and expansion of a patient's own tumor-specific T cells for re-infusion, has been effective for renal cell carcinoma and melanoma (104) but has potential pitfalls for widespread use. The ability to isolate a potentially rare T cell population and the time needed for adequate expansion is not feasible for most patients. Mechanisms to optimize the transfer of transgenic (Tg) tumor-specific TCRs into T cells have been studied in humanized mouse models. One safety concern with Tg TCR therapy is the ability for the Tg TCR to mis-pair with the endogenous TCR to create off target specificity of the T cells increasing cytotoxicity. Provasi E et al., using zinc finger nucleases against the endogenous TCRα and TCRβ genes, demonstrated the ability to edit Tg T cells to express only Wilm's Tumor-1 (WT-1) specific TCRs in a Hu-PBL-SCID model of WT-1+ leukemia. NSG mice receiving edited WT-1+ T cells developed neither leukemia or GVHD 50 days post leukemic infusion, while mice receiving un-edited WT-1+ T cells had all succumbed to GVHD and mice that did not receive PBMC all died of leukemia (105) .
CARs against mesothelin for mesothelioma (106), ROR1 for mantle cell lymphoma (107), and CD44v6 for AML and multiple myeloma (108), have been generated and tested in humanized NSG mice. Additionally, to increase the efficiency of CAR signaling, costimulatory motifs have been built into CARs in tandem to the CD3ζ in the intracellular signaling domain. Humanized mice have been used to test and compare the function and efficiency of co-stimulatory domains such as CD27, ICOS, CD28, and 4-1BB (109, 110) . CARs that incorporate co-stimulatory domains are more efficient in targeting tumors and this has been utilized to try to increase the safety of CAR therapy. Because the antigens commonly used in CAR therapy are not truly tumor specific, Kloss et al. generated a system in which the combination of two antigens was needed to trigger CAR signaling. A CAR molecule without a costimulation motif was generated that was specific for one antigen while a chimeric costimulatory receptor (CCR) molecule was generated with specificity for a second antigen (117) . T cells transduced with both molecules would need to interact with cells displaying both antigens to trigger optimal signaling to induce a T cell response. In a Hu-PBL-SCID NSG model, a physiological relevant combination of the prostate tumor antigens of PSCA-CAR and PSMA-CCR demonstrated the ability to eradicate a tumor cell line that expressed both antigens and mount a response to PSCA+PSMA-tumors that eventually relapsed (111) .
An additional modification aimed at the safety of CAR generation is the use of mRNA transfection as a mechanism of CAR generation as opposed to the use of viral transduction. As this method does not involve the integration of DNA into the genome, it takes away inherent risks of genomic editing. mRNA transduction has been used to generate antimesothelin CAR T cells in a Hu-PBL-SCID NSG model targeted to mesothelioma (106) and anti-CD20 CAR NK cells in a Hu-PBL-SCID NSG model targeted to Non-Hodgkins Lymphoma (112) .
To address the heterogeneity in tumor antigen expression, a biotin binding immune receptor (BBIR) was generated extending the idea of CAR technology (113) . BBIR extracellular avidin connects to an intracellular TCR signaling domain. Mice are then treated with a biotinylated antibody that will bind to a tumor associated antigen, such as EpCAM (119) . In a Hu-PBL-SCID NSG model, BBIR humanized mice treated with bio-EpCAM had delayed tumor growth (113) . Humanized mouse models will continue to be useful to optimize CARbased approaches to increase their therapeutic potential.
Finally, to induce Wilms tumor 1 (WT-1)-specific human CD8 cytotoxic T cells from human HSCs, Najima et al transplanted WT-1 specific TCR transduced human HSCs into HLA class I matched transgenic NSG mice. WT-1 tetramer positive T cells differentiated in the thymus and splenic CTLs from these mice killed leukemia, target cells in an antigen-specific HLA-restricted manner (114) Walsh et al.
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Costimulatory Enhancement and Checkpoint Inhibitors
As demonstrated by its use as a costimulatory motif in the generation of higher efficiency CAR molecules, 4-1BB has the potential to increase anti-tumor T responses in vivo. An anti-4-1BB agonist mAb, PF-05082566 was tested against various cell line generated tumors in a modified Hu-PBL-SCID/Beige mouse model (115) . Tumor cells were mixed with PBMCs and injected subcutaneously in SCID/Beige mice. Mice treated with PF-05082566 had growth inhibition of 40-60% of controls, suggesting that agonist immunomodulation has potential to affect tumor growth in humans (115) .
Another mechanism of immunomodulation is the use of checkpoint inhibitors. Two inhibitors experiencing some clinical success are the cytotoxic T lymphocyte antigen 4 (CTLA-4) mAb, ipilimumab, which blocks this inhibitory pathway and activates T cells and an antagonist anti-programmed cell death-1 (anti PD-1) mAb, which blocks PD-1 interaction with its ligand programmed cell death-ligand 1 (PD-L1) (116) . These blockages have been effective against melanoma but not all patients respond to CTLA-4 and anti-PD-1 therapy (117) . Humanized mice engrafted with tumors are therefore being used to better understand how checkpoint blockade interacts with the immune system and also to test the efficacy and effects of immunomodulation agents. It was recently demonstrated that humanized mice could be used to analyze the pharmacodynamics and anti-tumor properties of an immunostimulatory mAb. Administration of urelumab (anti-hCD137 agonist) and nivolumab (anti-PD-1) significantly reduced tumor growth in Rag2 null IL2rg null mice injected with human colorectal HT-29 carcinoma cells and engrafted with allogeneic human PBMCs or in mice transplanted with patient-derived gastric carcinoma and engrafted with autologous PBMCs. The slowing of growth kinetics was coupled with an increase in IFNγ secreting human T cells and decreased numbers of human Tregs in the tumor xenografts that correlated with reduction of tumor burden (118) .
One of the major concerns associated with using antibodies to target checkpoint inhibitors is the induction of a cytokine release syndrome. Screening these antibodies in rodent models and non-human primate may or may not reveal the response of a human immune system to the drug as highlighted by the TGN1412 (anti-CD28) clinical trial (119) . To address this need, two humanized mouse models for the detection of a cytokine release syndrome were created. NSG or NRG-AB 0 mice were engrafted with PBMC and injected with muromonab-CD3 (120), or TGN1412 (121) . Muromonab-CD3 reproducibly induced acute clinical symptoms such as pilorection, hypomobility and hypothermia whereas TGN1412 injected mice engrafted with 65-100x10 6 PBL, rapidly lost body temperature and died within 2-6 hours. Extension of this approach to Hu-SRC-SCID and BLT models will permit innate immune cell reactions to antibodies directed against these cell populations to also be tested.
HUMANIZED MOUSE MODELS OF TRANSPLANTATION
Allogeneic rejection has been extensively studied in murine models, but immune-based therapeutics such as antibody-based biologics cannot be investigated in mice due to speciesspecific differences. Humanized mice have become an excellent preclinical model to study mechanisms underlying human immune responses and for the assessment of new therapies.
Human Allografts
Allograft rejection in humanized mice has been extensively studied for over two decades [for reviews, see (122) (123) (124) ]. Historically the majority of studies were done in the Hu-PBL-SCID model but limited engraftment of human cell subsets other than CD3+ T cells can hinder rejection and results in variability between studies (122, 123) . However, immunodeficient mice transplanted with human skin were used to investigate therapeutic drugs such as cyclosporine and rapamycin to begin to identify the role that IFNγ-producing T cells have in graft survival as well as the mechanisms by which Tregs modulate the human T cell allograft response (122) (123) (124) .
Human Islet Allografts
Humanized mouse models allow for the study of the cellular mechanisms of rejection of human islets by allogeneic immune responses and provide a preclinical environment to test new therapeutics (122) (123) (124) . Interestingly, HSC-engrafted NSG and BRG animals have shown contrasting rejection of allogeneic human islet grafts, documenting the importance of which model system is used for experimentation. Diabetic HSC-engrafted BRG mice did not reject human islets and had limited T cell infiltration (125) . However, within 20 days 62% of hyperglycemic NRG-Akita (NOD-Rag1 Tm1Mom IL2g null Ins2 Akita ) mice that were HSCengrafted reject their human islet grafts (126) . By engrafting streptozotocin-treated diabetic NSG mice with a greater number of HSCs (2x10 5 compared to the 5x10 4 used in the previous study) 100% of NSG mice were able to reject islets within 17 days (127) . Graft rejection was determined by hyperglycemia, immune cell infiltration and the loss of human insulin production. These differences in human islet allogeneic rejection may be due to differences in the host strain or in the numbers of human HSCs used for engraftment leading to differences in function of the human immune cells in these models.
Human Cardiac Allografts
Endothelial cells that line arterial transplants are strong promoters of immune responses and T cell activation. Opposed to the studies done with human islet and skin transplants, the vast majority of arterial graft experiments have been done in humanized SCID/beige mice. NSG mice transplanted with human arteries have a high prevalence of paralysis and death (128) .
Arterial transplantation followed by allogeneic PBMC injection leads to human cell infiltration and morphological changes within the graft associated with rejection [reviewed in (124) ]. Similar to skin and islet allografts the rejection is associated with IFNγ production by allospecific T cells, which mediates neointima, or scarring within the blood vessels of the graft. Blocking IFNγ, pretreatment of human artery with rapamycin reduced graft injury whereas blockade of PD-1 resulted in increased graft injury. Similarly, allografts produce TGFβ, and blockade of TGFβ increases graft injury. Other inflammatory cytokines expressed by the allografts have been found to induce graft injury. For example, blockade of either IL-6 or IL-1 signaling reduced graft injury. Tregs have also been found to block arterial graft rejection and prevent the development of arteriosclerosis in BRG mice transplanted with human aortic grafts and injected with PBMC (124).
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HUMANIZED MOUSE MODELS OF AUTOIMMUNITY
Due to the differences in the immune system of mice and humans (1) spontaneous models of autoimmunity that arise in mice do not fully recapitulate the conditions seen in humans. Additionally, these differences make therapeutic development more difficult in murine models. Adoptive transfer of PBMCs from individuals with specific autoimmune conditions into CB17-scid or NOD-scid mice has led to the ability to isolate antigen-specific autoantibodies for multiple conditions yet none of these models resulted in lymphocytic infiltration or destruction of the target cell type; likely due to the low and variable engraftment of these mouse strains with human immune cells. The generation of NSG and NRG mouse strains have increased in the engraftment potential and led to the ability to study autoimmune disorders in a more physiological way.
Type 1 Diabetes
Type 1 diabetes (T1D) is an autoimmune condition in which the immune system attacks the insulin producing β cells in the pancreas leading to an inability to regulate blood glucose levels. However, the numerous species-specific differences in both the immune system and islets of rodents and human have limited the ability to translate the findings in the rodent models of T1D to the clinic.
The introduction of autoantigen-expanded HLA-DR4-restricted CD4 T cells from T1D diabetic donors resulted in islet infiltration by CD4 T cells in NSG-DR4 transgenic mice (129) . Additionally human CD8 T cells transduced with TCR specific to IGRP265-273 and engrafted into NSG-HHD (HLA-A2 Tg) mice led to T cell infiltration of pancreatic islets (130) . To further elucidate the role of autoimmune CD8 T cells in the destruction of β cells, autoreactive IGRP-specific CD8 T cell clones from a T1D donor engrafted into NSG-HLA-A2 transgenic mice displayed intra-islet infiltration of IGRP CD8+ T cells and some islet destruction (131) . While all of these models were able to induce some degree of insulitis, there was no development of overt diabetes.
Coxsackie virus has long been suspected to be one of the inciting triggers for development of T1D. To begin to investigate possible mechanisms by which Coxsackie infection could trigger T1D, human islets were infected in vitro with Coxsackie virus, and it was demonstrated that the virus could directly infect human β cells, a mechanism of how the virus could detrimentally affect human β cells not previously recognized (132) . When NSG mice were transplanted with human islets and infected with Coxsackie virus, almost half of the mice reverted to a hyperglycemic state and a human-specific gene expression of profiles in grafts from infected mice showed the induction of interferon signature genes, suggesting that the infected human islets may have a contributing role in their ultimate destruction by an autoimmune response (132) .
The next steps towards creation of a humanized mouse model of T1D could involve emerging iPS technology. In this system, iPS cells would be generated from T1D donors, and then differentiated into iPS-derived β cells (which has been achieved (133), HSCs, and thymic epithelium (ongoing work in a number of laboratories). Reconstituting humanized mice with these three critical populations, all from T1D donors, could recapitulate the disease process and provide a model for the study of T1D pathogenesis. Of interest using this approach is the question of immunogenicity of the iPS-derived β cells. NSG-BLT mice engrafted with iPS cells that formed teratomas demonstrated that some, but not all autologous differentiated tissues induced an immunogeneic reaction (134) . This suggests that humanized mice may be a model to identify the differentiated autologous tissues that will be tolerated or will induce an immune response as iPS-derived tissues enter the clinic.
Systemic Lupus Erythematosus (SLE)
SLE is a highly variable autoimmune disorder that attacks the heart, lungs, liver, kidneys, skin, nervous system, joints and blood vessels making diagnosis difficult in some individuals. There is currently no cure and hallmarks of the disease include anti-nuclear antibodies and immune complexes in the kidneys.
PBMCs from SLE donors were injected into BRG mice with engraftment varying between 20%-80% (135) . This model recapitulated many features of SLE, including skewed CD4 to CD8 T cell ratio, proteinuria, IgG immune complexes in the kidney, as well as variable levels of anti-dsDNA and anti-ANA antibodies. Mice engrafted from one specific donor who had high anti-phospholipid antibodies presented with up to 3 times more anti-cardiolipin antibodies than mice engrafted with other SLE or healthy donors. This model may be useful to analyze the contribution of different immune cell types to SLE pathogenesis and for testing therapeutics.
Recently, the expression of the DNA-binding protein ARID3a in HSCs has been linked to the severity of SLE in the hu-SRC-SCID model. Mice engrafted with HSCs expressing high amounts of ARID3a were more likely to produce anti-ANAs than mice engrafted with healthy donor or ARID3a low-expressing cells (136) . This work supports further analysis of ARID3a expression in the pathogenesis of SLE and the potential utility of humanized mice in identifying mechanisms important in SLE pathogenesis.
Arthritis
The association of EBV infection with rheumatoid arthritis has been exploited to induce erosive arthritis in HSC-engrafted NOG mice (137) . EBV infected HSC-engrafted mice developed arthritis in their knee and ankle joints, characterized by edema, synovial proliferation, pannus formation, and immune cell infiltration as seen in human rheumatoid arthritis. However, EBV replication was not found in the affected joints, but was present in the nearby bone marrow. An induced humanized mouse model of inflammatory arthritis has been generated by injecting complete Freund's adjuvant (CFA) into joints of HSC-engrafted NSG mice. Injected joints exhibited human immune cell localization, edema, and bone damage (138) . A drug used for rheumatoid arthritis, Etanercept, attenuated the arthritis symptoms.
Chronic Inflammation (Ulcerative Colitis/Atopic Dermatitis/Vasculitis)
Oxazolone-induced colitis is used in mouse models to study inflammatory bowel diseases (IBDs). To broaden the use of this tool, oxazolone was used in the Hu-PBL-SCID model to create a model of ulcerative colitis (UC) (139) . PBMCs from UC and atopic dermatitis (AD) patients were engrafted into NSG mice. No inflammatory symptoms were observed unless these mice were also sensitized and then challenged with oxazolone. In UC or AD PBMCengrafted NSG mice, but not healthy donors, ethanol controls also developed UC symptoms indicating that the immune cells from afflicted patients lowered the threshold needed to induce inflammation. This model will be of use to study T cell migration to sites of inflammation and therapeutics targeting lymphocyte infiltration in UC (139) .
Oxazolone administered to the skin of PBMC-engrafted NSG mice from AD donors developed keratosis and hyperplasia, characterized by infiltration of human CD45+ leukocytes to the dermis and epidermis and an increase of IgE in serum. As noted above, when engrafted with AD donor PBMCs but not healthy donor cells, treatment with ethanol vehicle alone was enough to induce AD, showing that the AD T cells are primed to react regardless of the stimulus provided (139) .
Allergic Inflammation
Gut inflammation was recently assessed in a Hu-PBL-SCID NSG model where PBMCs from donors with known allergies were used for engraftment. Mice injected with PBMCs from allergic donors then challenged with specific allergens developed intestinal wall thickening and leukocyte infiltration that was mediated by human IgE production. Blocking IgE with the anti-IgE antibody omalizumab reduced gut inflammation. Co-transfer of allergic PBMC and the patient's own Tregs blocked IgE production (140) . Additionally, ex vivo-activated Tregs expressing high levels of glycoprotein A repetitions predominant (GARP) protein further reduced gut inflammation. Blocking GARP resulted in the return of gut inflammation symptoms. This study showed the utility of the hu-PBMC-SCID model to investigate the role of Tregs in allergic disease and the ability to assess therapeutics (140) .
Similarly, NSG mice engrafted with PBMCs from donors allergic to birch pollen when challenged developed airway inflammation (141) . Airway inflammation was driven by CD4 T cells, and treatment with soluble recombinant HIV-1 gp120, a high affinity CD4 ligand known to activate Tregs prior to allergenic challenge protected mice (141) .
Allergic Anaphylaxis
Mast cells are important mediators of allergic diseases. One limitation of the NSG humanized mouse models (PBL, SRC, and BLT) is the limited development of the myeloid lineages (4). To overcome this limitation, when NOG mice transgenically expressing human IL-3 and GM-CSF are engrafted with HSCs, granulocytes, basophils and mast cells develop (142) . Sensitization with anti-NP-IgE and challenge with NP-BSA induced a local inflammatory response as well as a passive cutaneous anaphylaxis (PCA) reaction. When mice were sensitized with sera from patients that were allergic to Japanese cedar pollen and then challenged with antigen, they developed a robust PCA reaction.
A second model has been developed that exhibits increased numbers of human mast cell engraftment. NSG mice expressing human transgenes for SCF, GM-CSF, and IL-3 were used to generate NSG-SGM3 BLT mice (143) . The human mast cells in the NSG-SGM3 BLT mice were functionally and phenotypically similar to primary human mast cells. Sensitization with chimeric human (ch)IgE-anti-NP mAb induced a PCA reaction upon NP-BSA challenge in NSG-SGM3 BLT mice but not NSG BLT mice, which develop few human mast cells, providing support for the PCA reaction being human mast cell-mediated. Additionally, NSG-SGM3 BLT mice were able to undergo a passive systemic anaphylaxis (PSA) response, the first to be reported in humanized mice. NSG-SGM3 BLT mice sensitized by IV injection of chIgE-anti-NP mAb and then challenged intravenously with NP-BSA exhibited PSA reactions ranging from mild to fatal (143) . The ability of this model to develop functional human mast cells will allow it to be used to study the role of mast cells in contexts other than allergic responses such as immune responses to infections. Additionally, these mice can be used to generate large numbers of human mast cells to use for in vitro experiments.
Immune dysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome
In an effort to overcome one limitation of an incomplete adaptive immune response in NSG humanized mouse models, Goettel et al. developed an NSG strain lacking mouse MHC class II and expressing human HLA class II DR-1 molecule (termed NSGAB 0 DR-1 mice). When engrafted with healthy HSCs, NSGAB 0 DR-1 mice displayed increased T cell and monocyte engraftment (144) . NSGAB 0 DR-1 mice engrafted with CD34+ HSCs from an IPEX patient led to defects in the development of FOXP3+ Tregs, decreased weight, and increased mortality within 8 weeks of engraftment. The IPEX HSC-engrafted NSGAB 0 DR-1 mice were characterized by splenomegaly and exhibited hCD45+ cells infiltration into the lung, liver, and colon as well as increased autoantibody production (152) .
REMAINING LIMITATIONS AND FUTURE DIRECTIONS
There are several limitations associated with humanized mouse models that are currently being addressed ( Table 2 ). The residual murine innate immune system continues to impede human cell engraftment. To address this, various knockout strains are being created to further reduce murine innate immunity including approaches to cripple granulocyte and macrophage function. Following human HSC engraftment, differentiation and maturation of human immune cells are impaired due to species-specific differences between human and mouse cytokines. To address this, many human cytokines are being provided transgenically or using knockin approaches. One potential problem with the transgenic approach is the interference of the murine cytokine, which may bind but not signal, the human cell target. Therefore, many of the transgenic mice created expressing human molecules will likely need to also target the murine cytokine gene counterpart. A continuing limitation is the poorly organized secondary lymphoid structures that likely contribute to limitations in humoral responses, including impaired class switching and affinity maturation following immunization. To address this, approaches such as attempts to enhance lymphoid tissue inducer cell development without permitting signaling through the IL2rg receptor are underway. Several modifications have also been made to the existing strains by knocking out mouse MHC class I and class II genes to reduce the development of GVHD when human PBMC are engrafted as their primary xenotarget is the mouse MHC. The overall result is an increasing array of improved humanized mice with higher human immune cell engraftment levels and enhanced functionality that are becoming available to the scientific community [reviewed in (3, 4, 7) ].
SUMMARY POINTS
Humanized mice are being increasingly used as preclinical models in multiple biological fields including infectious diseases, immunology, cancer, regenerative medicine, hematology, and autoimmunity. 
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1.
Further reduction of host innate immunity is required for optimal engraftment of functional human cells, tissues, and immune systems and expression of human molecules such as HLA alleles matched to the donor human cells are needed for appropriate human immune development and function
2.
Approaches to permit development of lymphoid architecture such as lymph nodes with germinal centers in immunodeficient IL2rg null mice engrafted with human hematopoietic stem cells are required for development of a fully functional human immune response
3.
Continued need to identify and replace human-specific factors that are absent in mice but are needed for optimal human cell differentiation and function
4.
Validation of the utility of the PDX and PDX/immune models for faithfully recapitulating the interactions of tumors and immune systems in patients
5.
Approaches to decrease or prevent the development of graft-versus-host disease that occurs in many of the human immune engrafted models Hu-PBL-SCID; IV or IP injection of mature lymphoid populations including peripheral blood mononuclear cells, lymph node cells, and splenocytes. The advantage of this model is the easy access to clinically relevant samples, but engraftment is limited to predominately human CD3+ T cells. The disadvantage of this model is the development of GVHD leading to a short experimental window. Hu-SRC-SCID; IV or intra-femoral injection of human CD34+ HSCs derived from umbilical cord blood, bone marrow, fetal liver or G-CSFmobilized peripheral blood stem cells. The advantage of this model is the development of a complete human immune system, but the human T cells are educated on the murine thymus and are H2-restricted. Poor human mucosal immune system development is also observed. BLT; engraftment of human fetal thymus and liver fragments under the renal capsule of the kidney and IV injection of human CD34+ HSCs from the autologous fetal liver. This is a more complete human immune system with improved mucosal immunity. The human T cells are educated on their autologous thymus and are HLA-restricted. The major disadvantage is the development of a wasting syndrome following long-term engraftment that is observed in most laboratories. 
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Author Manuscript Humanized mice are used as preclinical models for investigation of cancer cell biology, identification of tumor stem cells, use as an in vivo platform for identifying and testing potential drug targets, investigation of mechanisms of tumor metastasis, and for evaluation of potential new therapeutics prior to their entry into the clinic. Table 1 Humanized mouse models of infectious disease For review, see (151) 
Human T cell leukemia virus

NOG mice
Engraftment of CD133+ human stem cells Productive infection for 4-5 months, rapid expansion of CD4+ T cells, and HTLV-1 specific immune responses were observed.
(152)
Nipah virus
NSG mice
Intragraft inocularion Human lung xenograft model that was successfully infected with Nipah Virus, which replicated to high titers in the engrafted lung tissues. 
